Elevated expression of plasminogen activator inhibitor-1 (PAI-1) in tumors is associated with a poor prognosis in many cancers. Reduced tumor growth and angiogenesis have also been reported in mice deficient in PAI-1. These results suggest that PAI-1 may be required for efficient angiogenesis and tumor growth. In the present study, we demonstrate that PAI-1 can both enhance and inhibit the growth of M21 human melanoma tumors in nude mice and that this appears to be due to PAI-1 regulation of angiogenesis. Quantitative analysis of angiogenesis in a Matrigel implant assay indicated that in PAI-1 null mice angiogenesis was reduced ϳ60% compared with wild-type mice, while in mice overexpressing PAI-1, angiogenesis was increased nearly 3-fold. Furthermore, addition of PAI-1 to implants in wild-type mice enhanced angiogenesis up to 3-fold at low concentrations but inhibited angiogenesis nearly completely at high concentrations. Together, these data demonstrate that PAI-1 is a potent regulator of angiogenesis and hence of tumor growth and suggest that understanding the mechanism of this activity may lead to the development of important new therapeutic agents for controlling pathologic angiogenesis.
Angiogenesis is the process of new blood vessel formation from pre-existing ones and occurs in healthy individuals during wound healing and ovulation (1) . In cases of disease, however, aberrant blood vessel formation may lead to abnormalities such as diabetic retinopathy, chronic inflammation, and arthritis (2) . The growth and metastasis of solid tumors is also dependent upon neovascularization, since in the absence of angiogenesis, tumors may grow only to ϳ1-2 mm in diameter, and metastases are thought to be unable to spread (1, 2) .
The process of angiogenesis requires the migration of endothelial cells and smooth muscle cells in response to an angiogenic stimulus. Hence, tissue remodeling by plasmin degradation of the extracellular matrix is likely to be important (3).
Urokinase-type plasminogen activator (uPA) 1 and tissue-type plasminogen activator both activate the zymogen plasminogen to plasmin, and localization of uPA to the leading edge of migrating cells is thought to initiate a proteinase cascade, which degrades the extracellular matrix and promotes cell migration (4) .
Plasminogen activator inhibitor-1 (PAI-1) is the main inhibitor of plasminogen activators (5, 6) . It exists in multiple conformational states, including active, latent, and cleaved forms, and both latent and cleaved PAI-1 are thought to be biologically inactive. PAI-1 also interacts with a number of non-proteinase ligands, including the cell adhesion protein, vitronectin (7, 8) . PAI-1 binds to vitronectin with a high affinity; however, when in complex with a proteinase, its affinity for vitronectin is markedly decreased (7) . We have previously shown that PAI-1 bound to vitronectin inhibits vascular smooth muscle cell migration by a mechanism that is independent of its ability to inhibit proteinase activity, but instead acts by preventing binding of the ␣ V ␤ 3 integrin to vitronectin (9) . Furthermore, in the chick chorioallantoic membrane (CAM) assay, PAI-1 inhibits angiogenesis via two overlapping mechanisms that depend on either its ability to inhibit proteinase activity or to block integrin binding to vitronectin (10) . Latent PAI-1, which lacks both these functions, was unable to inhibit angiogenesis in this assay.
Since PAI-1 is a potent inhibitor of cell migration in vitro (9, 11) and angiogenesis in vivo (10) , it is striking to note that increased expression of PAI-1 is associated with a poor prognosis in many cancers (12, 13) . PAI-1 has also been suggested to modulate tumor growth and angiogenesis, since both tumor development and vascularization were reduced in PAI-1-deficient mice (14, 15) . However, in contrast to these results, the growth of B16 murine melanoma tumors was unaffected by the levels of PAI-1 expression in either PAI-1 null or PAI-1 overexpressing mice (16) , while overexpression of PAI-1 in PC-3 prostate carcinoma cells inhibited both tumor growth and angiogenesis (17) . Thus, the exact role of PAI-1 in regulating tumor growth and angiogenesis has not been clearly defined. Therefore, we have examined whether PAI-1 can affect tumor growth through the regulation of angiogenesis, and we demon-strate that PAI-1 can both inhibit and enhance the growth of M21 human melanoma tumors, apparently by regulating angiogenesis.
MATERIALS AND METHODS
Proteins and Reagents-The constitutively active PAI-1 (14-1b) and the enzyme-linked immunosorbent assay for functional human PAI-1 (HPAIKT) were from Molecular Innovations. This form of PAI-1 is identical to wild-type PAI-1 with respect to proteinase inhibition and binding to vitronectin, but has a half-life of 145 h, compared with 2 h for wild-type PAI-1 and, therefore, will maintain its biological activity during the extended period of these experiments (18) . The partially inactivated (92% latent) wild-type PAI-1 was isolated as described previously (19) .
In Vivo Tumor Growth Assay-The M21 tumor growth assay was performed as described previously (20) . Briefly, subconfluent cultures of human M21 melanoma cells were harvested and washed in serum-free RPMI, and 3 ϫ 10 6 cells were injected subcutaneously into the flanks of 6-week-old nude mice. After 3 days, the mice were given daily intraperitoneal (IP) injections of 100 or 10 g of the PAI-1 variants or PBS. Tumor growth was monitored every week for 3 weeks by an individual blind to the experimental conditions, and tumor volume was determined by measuring the length and the width of the growing tumor using a caliper. At the end of each experiment, the mice were euthanized and the primary tumor harvested free of adherent skin and tissues and processed for histochemistry. For each condition at least two independent experiments were performed.
Angiogenesis was quantitated in tumor sections by counting the number of branch points in fields from sections stained with antibodies against von Willebrand factor. For each section, 10 random fields at ϫ 400 magnification were counted, with four to five sections per treatment being counted in a blind manner.
In Vivo Matrigel Angiogenesis Assay-The Matrigel implantation assay was based on the method of Passaniti (21) with modifications. Matrigel is a squamous cell carcinoma basement membrane matrix composed primarily of collagen IV and laminin. To determine whether Matrigel itself contains the proteolytic factors required for matrix remodeling, an aliquot of Matrigel was analyzed in an immunoblot and SDS-polyacrylamide gel electrophoresis zymography (22) . This analysis demonstrated an absence of plasminogen and uPA, and only small amounts of tissue-type plasminogen activator that only became apparent after prolonged incubation of the zymographic film (data not shown). Thus, any factors required for proteolytic remodeling of the matrix must therefore be provided by the host and not the Matrigel. Prior to injection fibroblast growth factor-2 (FGF-2) was incubated with 10 units/ml heparin for 5 min then diluted in Matrigel (Becton Dickinson, phenol red-free) on ice for a final concentration of 250 ng/ml FGF-2 and 0.0025 unit/ml heparin. PAI-1 samples or buffer alone were then added and the samples kept on ice until injection. Wild-type, PAI-1-deficient (originally obtained from Dr. Peter Carmeliet and backcrossed onto C57/B6J for 8 generations) or PAI-1 transgenic C57/B6J mice (16) between 6 and 12 weeks old were subcutaneously injected under anesthesia in the ventral midline region with 0.5 ml of Matrigel alone or with Matrigel containing FGF-2 Ϯ PAI-1. Alternatively, mice were injected with Matrigel containing FGF-2 then treated with daily IP injections of PBS or PAI-1. After 5-7 days the mice were euthanized and the Matrigel implant harvested, washed twice with PBS, and examined macroscopically for signs of hematoma. Any implant with visible signs of hematoma was excluded from analysis. The remaining implants were then immediately frozen on dry ice and lyophilized overnight. The weight of the dry Matrigel was determined and the implants resuspended in 0.4 ml of 0.1% Triton X-100 for 1 h, disrupted by vigorous pipetting and centrifuged at 14,000 ϫ g for 15 min to remove particulates. The concentration of hemoglobin in the supernatant was then determined directly by absorbance at 405 nm (23) and compared with a standard curve of purified hemoglobin (Sigma).
Histochemistry-For histochemical analysis of frozen tumor samples, tissues were embedded in OCT and snap-frozen in a 2-methylbutane dry ice slurry and stored at Ϫ80°C until processing. Sections were cut at 5 m and fixed for 10 min in methanol/acetone (1:1) and rinsed in PBS. For histochemical analysis of formalin-fixed Matrigel samples, tissues were embedded in paraffin and cut at 5 m. The frozen or formalin-fixed samples were then analyzed either by hematoxylin-eosin staining or by immunohistochemistry as described previously (10, 22). Briefly, the tumors and implants were treated with 0.3% H 2 O 2 for 30 min to exhaust endogenous peroxidase activity, then stained with rabbit anti-human von Willebrand factor (Dako) followed by detection with mouse-absorbed biotinylated goat anti-rabbit IgG 1 and horseradish peroxidase-labeled streptavidin according to the manufacturer (Vector Laboratories) and developed with the chromogen 3,3-diaminobenzidine tetrahydrochloride (Sigma) for 4 min. Mayer's hematoxylin was used as a counterstain. Tumor sections were also stained with biotinylated murine anti-human collagen IV (Dako) or biotinylated murine antismooth muscle cell actin (Sigma) and detected with the ABC Elite kit as described by the manufacturer (Vector Laboratories). The sections were developed and counterstained as described above. For immunofluorescence staining of tumor sections, slides were treated as above and then double stained with rabbit anti-murine vitronectin (Molecular Innovations) and rat anti-murine PECAM-1 (PharMingen) and detected with Flour 488 goat anti-rabbit IgG (Molecular Probes) and Texas Red rat anti-mouse IgG (Molecular Probes). The nuclei of the tumor cells were stained with 4,6-diamidino-2-phenylindole dihydrochloride (Molecular Probes). Apoptosis of tumor sections was determined by TUNEL reactivity using the Apoptag Kit (Oncor, Gaithersburg, MD) as described previously (22) . Microscopy and photography were carried out using a Nikon Eclipse E800 microscope attached to a Spot RT slider digital camera with a Kodak KAI-2092 cooled color chip.
RESULTS AND DISCUSSION
PAI-1 Inhibits M21 Tumor Growth and Angiogenesis-Because the growth of solid tumors requires an adequate blood supply, agents that block angiogenesis are likely to inhibit tumor growth. Since we have shown previously that PAI-1 is a potent inhibitor of vascular cell migration in vitro (9) and angiogenesis in the chick CAM in vivo (10), we decided to test whether PAI-1 treatment could inhibit tumor growth in mice. M21 human melanoma cells (3 ϫ 10 6 ) were injected subcutaneously into the flanks of nude mice, and allowed to establish for 3 days, after which the mice were treated with daily IP injections of PAI-1 (100 g) for 21 days. A sensitive enzymelinked immunosorbent assay for active human PAI-1 demonstrated that 4 h after injection, plasma PAI-1 levels ranged between 32 and 122 nM, with a mean of 61 nM. This is ϳ3000-fold higher than the reported normal murine plasma level of 0.02 nM (16) . Treatment with active PAI-1 decreased M21 tumor growth by ϳ66% (p ϭ 0.01) (Fig. 1) . As a negative control, mice were also treated with partially inactivated PAI-1 (ϳ92% latent). However, this treatment unexpectedly increased tumor growth significantly (ϳ46% relative to PBS-treated animals (p ϭ 0.05)). Quantitation of active recombinant PAI-1 in plasma 4 h after injection of mice with this partially inactivated PAI-1 showed a range of 0.03 to 0.11 nM, with a mean of 0.07 nM. This suggested that low levels of active PAI-1 may promote tumor growth.
To see if the effect of PAI-1 on tumor growth might be due to its regulation of angiogenesis or to a direct effect on the tumor cells, histological sections of the various tumors were examined. Hematoxylin-eosin staining showed that treatment of tumors with PAI-1 did not appear to alter the extent of necrosis within the tissue (Fig. 2, A-C) . Likewise, TUNEL staining for apoptotic cells indicated that the extent of apoptosis was very were injected subcutaneously into nude mice, allowed to establish for 3 days, and then treated daily with IP injections of PBS or with 100 g of fully active PAI-1 or partially inactivated PAI-1 (92% latent). The data represent the mean of 10 mice per condition, and S.E. are shown. E, PBS; q, 92% latent PAI-1; Ⅺ, active PAI-1. low in the healthy tissue and was mostly confined to areas of dead tissue and was not altered by the different treatments (Fig. 2, D-F) . Finally, staining for the proliferative cell nuclear antigen, a marker for dividing cells, did not show any obvious differences between the three treatments (data not shown). However, it is possible that some differences in the rates of tumor cell proliferation might not be observed by this analysis. This is because the relative number of proliferating cell nuclear antigen-positive cells per field can only indicate the proportion of tumor cells that are in similar phases of the cell cycle, but cannot determine whether the tumor cells are progressing through the cell cycle at the same rate. Nonetheless, together with the results of the TUNEL staining, these data suggest that PAI-1 addition does not appear to directly affect M21 tumor cell viability, and thus implies that the differences in the tumor growth rates are likely to result from indirect effects of PAI-1 on tumor growth.
To examine whether PAI-1 treatment influenced angiogenesis in the tumors, sections were stained with antibodies against von Willebrand factor (Fig. 2, G-I) . Sections from PBS-treated animals demonstrated a multibranched pattern of vessels. In contrast, tumor vessels from animals treated with partially inactivated PAI-1 appeared more branched, whereas tumor vessels from animals treated with fully active PAI-1 appeared longer with a decreased number of branch points. Quantitation of branch points within the tumor sections showed that the fully active PAI-1-treated tumors had significantly fewer branch points per field relative to control tumors, while treatment with partially inactivated PAI-1 significantly increased branch point number (Table I ). This mirrored the results obtained in tumor growth experiments and suggested that the differences in tumor volume observed with the PAI-1 treatments may be due to PAI-1 altering the extent of angiogenesis in the tumors.
To see if the alterations in angiogenesis were associated with structural differences in the tumor vessels, immunohistochemical examination of specific vessel markers was performed. These data are shown in Fig. 3 and demonstrate that apart from the extent of branching, the overall architecture of the vessels was similar in each case. For example, collagen IV was observed in the basement membrane of all the vessels, while as expected smooth muscle actin was only observed in the larger vessels. Immunofluorescence staining also localized vitronectin to the basement membrane of the vessels (Fig. 3, G-I) . In this analysis vitronectin is shown in green, juxtaposed to the endothelial cells shown in red, and surrounding the tumor nodules, which are labeled with 4,6-diamidino-2-phenylindole dihydrochloride to show the nuclei. Together, these results suggest that both the formation of the capillary basement membrane and the recruitment of smooth muscle cells into larger vessels are similar in each case and that PAI-1 likely regulates tumor growth by controlling the extent of angiogenesis and not the structure of the vessels formed.
PAI-1 Regulates Angiogenesis in Murine Matrigel
ImplantsSince we have shown previously that fully latent PAI-1 (Ͻ1% active) does not affect angiogenesis in the chick CAM (10), and since two recent reports have suggested that PAI-1 is necessary for angiogenesis (14, 15) , we suspected that the ϳ8% active PAI-1 present in the partially inactivated PAI-1 may be responsible for the stimulation of tumor growth and angiogenesis observed in the mice. Therefore, to test the hypothesis that active PAI-1 can stimulate angiogenesis at low levels but is inhibitory at high concentrations, the Matrigel implant assay was used (21) . Matrigel, either with or without FGF-2, was injected subcutaneously into the abdomen of mice and harvested after 5-7 days. This assay permits analysis of the extent of FGF-2-induced angiogenesis into the matrix by either histological examination or by direct measurement of the amount of hemoglobin present in the implant. Quantitative comparison of the number of vessel branch points in von Willebrand factorstained sections with the hemoglobin content of similar implants gave nearly identical results, indicating that hemoglobin content within an implant accurately reflects the extent of angiogenesis (data not shown). Analysis of Matrigel implants that did not contain growth factor showed very few cells, either within or around the implant, indicating that Matrigel itself is not angiogenic (Fig. 4A) . In contrast, sections containing 250 ng/ml FGF-2 (Fig. 4B) showed many highly branched structures throughout the implant. Closer examination of these sections at high magnification clearly demonstrates that the 
Tumor sections treated with PBS (A, D, G), partially inactivated PAI-1 (B, E, H), or fully active PAI-1 (C, F, I) were stained for the following: immunohistochemical staining for collagen IV (A-C), immunohistochemical staining for smooth muscle cell actin (D-F), immunofluorescence analysis of vitronectin (green) (G-I), endothelial cells (red), and tumor cells (blue).
The original magnification for all panels is ϫ 400.
structures are functioning vessels, since red blood cells can be seen within the vessel (Fig. 4C) .
To determine the effect of PAI-1 on angiogenesis in Matrigel implants, we examined FGF-2-treated implants from wild-type mice and compared these to implants from PAI-1 Ϫ/Ϫ mice or from wild-type mice treated with 1 M PAI-1. Staining of sections with hematoxylin-eosin or with anti-von Willebrand factor demonstrated many highly branched vessels migrating into the center of the FGF-2-treated implant of wild-type mice (Fig.  4, D and G) . In contrast, while vessels were formed in the PAI-1-deficient mice, they were located primarily in the periphery of the implant and appeared less branched compared with the wild-type mice (Fig. 4, E and H) . Similarly, sections from implants treated with 1 M PAI-1 showed that far fewer cells had infiltrated into the implant and that these were located almost exclusively on the perimeter (Fig. 4, F and I) , with the interior essentially devoid of cells (data not shown). However, unlike the controls or the PAI-1 Ϫ/Ϫ mice, the cells in the PAI-1-treated implants were not organized into vessels and did not appear to form lumens (Fig. 4, F and I) . Thus, PAI-1 seems to be important for regulating both the invasion and formation of the vessels. In the absence of PAI-1, endothelial cells can organize into vessels, but their ability to invade the implant appears to be reduced, whereas when excess PAI-1 is present both vessel invasion and formation is impaired.
Quantitative analysis of angiogenesis in wild-type and the PAI-1-deficient mice indicated that angiogenesis in the PAI-1-deficient mice was decreased by 63% relative to wild-type mice (Fig. 5A) . These results are also consistent with previous reports that angiogenesis is impaired in PAI-1 Ϫ/Ϫ mice (14, 15) and suggest that although angiogenesis may proceed in the absence of PAI-1, it appears to be less efficient. In contrast, quantitation of angiogenesis in transgenic mice overexpressing PAI-1 showed a nearly 3-fold increase in angiogenesis compared with controls (Fig. 5A) . The average plasma level of active PAI-1 reported for these mice is 59 ng/ml (ϳ1.2 nM), which is ϳ60-fold higher than the level in wild-type littermate controls, which was 0.02 nM (16) . Taken together with the results of the PAI-1 Ϫ/Ϫ mice, these data suggest that levels of PAI-1 slightly above normal may stimulate angiogenesis.
To directly examine the effect of different PAI-1 concentrations on angiogenesis, C57/B6J mice were injected with Matrigel containing increasing amounts of PAI-1, and the hemoglobin content of the implants was determined after 5 days (Fig.  5B) . While low doses of PAI-1 (0.1 and 1.0 nM) increased angiogenesis in the implants by up to 3-fold relative to FGF-2 alone, PAI-1 concentrations of 10 nM or higher were able to inhibit angiogenesis by nearly 100%. This confirms our hypothesis that PAI-1 at low doses can promote angiogenesis, whereas at higher concentrations it is inhibitory, and suggests that the reason that the partially inactivated PAI-1 stimulated tumor growth and angiogenesis was likely due to the 8% active PAI-1 present in the preparation. However, it is also possible that the systemic administration of PAI-1 yields different results from local delivery or that latent PAI-1 may have an as yet unidentified proangiogenic activity. This latter possibility could be related to earlier observations suggesting that two other inactive serpins, latent or cleaved antithrombin III (24) and pigment epithelium-derived factor (25) , have anti-angiogenic activities. To test these possibilities, FGF-2-containing Matrigel implants were injected into wild-type mice, and the mice were given daily IP injections of PBS or either 100 g of the same partially inactivated PAI-1 preparation used in the M21 tumor experiments containing ϳ8% active PAI-1 or this same preparation after it had been incubated at 37°C to convert the majority of the active protein to the latent form (Ͻ0.5% active PAI-1). After 7 days of treatment, the Matrigel implants were harvested and the hemoglobin content measured as before (Fig.  6 ). Similar to the M21 tumors, the partially inactivated PAI-1 stimulated angiogenesis by ϳ1.5-fold relative to PBS-treated mice (Fig. 6) . However, mice treated with fully latent PAI-1 (Ͻ0.5% active protein) showed no increase in angiogenesis compared with control mice. These data provide further evidence that low doses of active PAI-1 can promote angiogenesis and strongly suggest that the stimulation of M21 tumor growth and angiogenesis observed with partially inactivated PAI-1 treatment was due to the ϳ8% active PAI-1 present in that preparation and not to any proangiogenic activity in the latent PAI-1. These results also suggest that treating M21 tumors with low doses of active recombinant PAI-1 would increase tumor growth by increasing angiogenesis. To see if this would be the case, M21 tumors in nude mice were treated with daily IP injections of 10 g of PAI-1 and the size of the tumors measured over a 3-week period as before. This dose of PAI-1 corresponds approximately to the level of active PAI-1 injected with the partially inactivated PAI-1 preparation (10 versus 8  g) . The results of these experiments demonstrated that treatment of mice with this low dose of PAI-1 increased M21 tumor growth by 48% relative to the PBS control (data not shown), a result that exactly mirrors the increase in the growth of tumors treated with partially inactivated PAI-1 (Fig. 1) . Thus, treatment of tumors with low doses of PAI-1 can stimulate tumor growth most likely by stimulating angiogenesis.
The observation that PAI-1 can either enhance or inhibit tumor growth and angiogenesis depending upon its concentration may also explain why some studies have shown that PAI-1 is necessary for tumor growth (14, 15, 26) , while others indicate that PAI-1 either has no affect (16) or is inhibitory (17) . These conflicting results may be a consequence of the novel regulatory role that PAI-1 plays in angiogenesis, and while the mechanism of these seemingly opposing activities is not clear, our previous studies of the effect of PAI-1 on angiogenesis in the chick CAM may provide some insight. In these studies, we demonstrated that high doses of recombinant PAI-1 inhibited angiogenesis in the CAM via two distinct but apparently overlapping pathways. The first was dependent upon PAI-1 inhibition of proteinase activity, while the second was independent of PAI-1's anti-proteinase activity and instead functioned through PAI-1 binding to vitronectin, which in turn blocked access of vascular cell integrins to vitronectin in the matrix (9, 10) . A number of studies from other groups have also suggested that both uPA and its receptor, uPAR, can modulate cellular adhesive properties and motility as well as promote angiogenesis (27) (28) (29) (30) (31) (32) (33) . Based on these studies and the data presented here we suggest a speculative model for the regulation of angiogenesis by PAI-1 where PAI-1 bound to vitronectin in the provisional angiogenic matrix temporarily blocks ␣ v ␤ 3 -and/or ␣ v ␤ 5 -mediated adhesion, which in turn prevents the migration necessary for efficient vessel formation. However, since the activated vascular cells express uPA and uPAR, then the cells should be able to remove PAI-1 from the matrix and expose the cryptic integrin adhesion sites on vitronectin. Finally, since uPAR expression is localized to the leading edge of the migrating cells (34) , this permits cells expressing uPA and uPAR to preferentially form new adhesion complexes at the apex of the moving angiogenic front, thus imparting directionality to vascular cell migration.
On a molecular level, this suggests that the association of integrins with the uPA⅐uPAR complex (27, 28, 32, 35 ) may serve to correctly position this complex in close proximity to the cryptic vitronectin RGD adhesion site that becomes accessible upon binding of uPA to PAI-1 and subsequent dissociation of the PAI-1⅐uPA complex from vitronectin (36) . Thus, uPA/uPAR may serve to escort the integrin to the appropriate high affinity binding site within the matrix. This may also explain the apparent contradiction between the observation that high doses of PAI-1 can block tumor growth and angiogenesis (Figs. 1 and 5), whereas PAI-1-deficient mice appear to show a reduced angiogenic response ( Fig. 5) (14, 15, 26) . We predict that angiogenesis will only proceed efficiently when PAI-1 levels are within an optimal range. In PAI-1 excess, the vitronectin matrix remains saturated with PAI-1, and integrin adhesion is blocked. Conversely, in PAI-1 deficiency, the uPA/uPAR-facilitated polar localization of integrins may not occur.
Finally, our results suggest that PAI-1 is likely to play an important role in regulating tumor growth and angiogenesis, and future studies further characterizing the mechanism of this activity will very likely lead to the development of important new therapeutic agents for controlling angiogenesis in different pathologic situations.
